ABSTRACT The transmission of insect-vectored pathogens is dependent on the population dynamics of the vector. Epidemiological models typically assume that birth and death rates of pathogenfree and inoculative vectors are equal, an assumption that is not true for all pathosystems. Here, a series of simple and general epidemiological models were used to explore how assumptions about birth and death rates of vectors based on their infectivity status inßuence disease incidence. With Þxed death rate of pathogen-free vectors, increasing the death rate of inoculative vectors reduced vector density, the proportion of vectors that were inoculative, and the proportion of hosts infected. This effect was mediated by acquisition rate. SpeciÞcally, increasing the acquisition rate increased the proportion of vectors that were inoculative, thereby increasing the proportion of the vector population that experienced the increased death rate. With Þxed birth rate of pathogen-free vectors, variation in birth rate of inoculative vectors had little inßuence on disease incidence provided that the birth rate of pathogen-free vectors was much greater than their death rate. However, when the birth rate of pathogen-free vectors was only slightly greater than their death rate, large increases in the birth rate of inoculative vectors increased total vector density and disease incidence. The results indicate that assumptions about birth and death rates of vectors based on infectivity status can have important effects on the vector population that in turn affects disease incidence.
The transmission of insect-vectored pathogens is dependent on the population dynamics of the vector. SpeciÞcally, the rate of pathogen transmission is generally assumed to be a function of vector population size (Aron and May 1982, Jeger et al. 2004 ). Thus, factors that inßuence vector population size will in turn affect the rate of pathogen transmission. In a closed population, vector population size is determined by the balance between vector birth and death rates and the carrying capacity. Typically, birth and death rates of pathogen-free and inoculative vectors are assumed to be equal (Aron and May 1982; Holt et al. 1997; Jeger et al. 1998 Jeger et al. , 2004 . However, empirical evidence indicates that birth and death rates of pathogen-free and inoculative vectors are often not equal (Maramorosch and Jensen 1963 , Purcell 1982 , Power 1992 , Ferguson and Read 2002 , Hurd 2003 .
Examples of pathogens that alter the Þtness of their insect vectors can be drawn from plantÐpathogen and animalÐpathogen systems (Table 1) . In animalÐpatho-gen systems, the effects of Plasmodium spp. on their vectors are particularly well studied, and direct and indirect effects of the pathogen on vector Þtness have been observed (Ferguson and Read 2002) . For example, Plasmodium spp. have been shown to reduce survival and fecundity of mosquito vectors, suggesting a direct effect of the pathogen on the insect vector Read 2002, Gray and Bradley 2006) . Indirect effects of Plasmodium infection on mosquito survival also have been documented. Anderson et al. (2000) showed that Anopheles gambiae that carried P. falciparum were at greater risk for death from host defenses (i.e., swatting) than pathogen-free A. gambiae because inoculative A. gambiae spent a greater portion of their time feeding and visited more hosts than pathogen-free A. gambiae.
As in animalÐpathogen systems, direct and indirect effects of plant pathogens on the Þtness of their vectors have been observed (Maramorosch and Jensen 1963, Power 1992) . Because studies in this area typically compare the Þtness of vectors reared on infected versus susceptible plants, it is often unclear if Þtness effects are caused by direct effects of the pathogen on the vector or indirect effects caused by changes in host plant quality (Elliot et al. 2003) . Effects of plant pathogens that do not propagate in vectors are expected to be indirect, whereas effects of plant pathogens that propagate in vectors may be direct or indirect. Propogative pathogens such as mollicutes and tospoviruses have been shown to have positive Nault 1994, 2001; Moya-Raygoza and Nault 1998; Belliure et al. 2005; Stumpf and Kennedy 2007) or neg-ative (Granados and Meehan 1975 , Madden and Nault 1983 , de Almeida et al. 1997 , Bressan et al. 2005 , Inoue and Sakurai 2006 effects on the survival and fecundity of vectors. Similarly, nonpropogative pathogens have been shown to have positive (Miller and Coon 1964 , Fereres et al. 1989 , Hunt and Nault 1990 , Mayer et al. 2002 or negative (Lowe and Strong 1963 , Ellsbury et al. 1985 , Khan and Saxena 1985 effects on the survival and fecundity of their vectors.
Although direct and indirect effects of pathogens on the Þtness of their vectors are recognized to be important to disease epidemiology, little theoretical work has been completed to examine potential consequences of such effects on pathogen transmission. As many insect-vectored pathogens are of particular interest to human health and agricultural production, understanding factors that govern rates of pathogen transmission is critical for effective management. Here, a series of simple and general epidemiological models were used to explore how differences in birth and death rates of inoculative and pathogen-free vectors may inßuence vector population dynamics that in turn inßuence disease incidence.
Materials and Methods
Direct and/or indirect effects of pathogens on birth and death rates of insect vectors have been documented for a wide array of systems (Table 1) . To assess the potential effects of changes in birth or death rate with inoculativity status on pathogen transmission, a series of simple epidemiological models were examined. Simple models were used so that the results would be broadly applicable. First, a model that assumed that birth and death rates of pathogen-free and inoculative vectors were equal was developed. This model was based on other insect-vectored pathogen models (Jeger et al. 1998; Holt et al. 1997 Holt et al. , 1999 Madden et al. 2000 Madden et al. , 2007 . After developing the default model, two modiÞed versions were constructed. In the Þrst, birth rates of pathogen-free and inoculative vectors were equal, but death rates were assumed to be unequal. In the second, death rates of pathogen-free and inoculative vectors were equal, but birth rates were assumed to be unequal. The models were suitable for examining direct and indirect effects of pathogens on their insect vectors. However, in the case of indirect effects, such as effects caused by changes in host quality with infection (Belliure et al. 2005) , an implicit assumption of the models is that the time spent feeding to acquire the pathogen is sufÞcient for the indirect effect to be fully manifested.
Equal Birth and Death Rates. The default model consisted of a set of compartmentalized differential equations which measured the change in the proportion of susceptible and infected hosts over time and the density of pathogen-free and inoculative vectors. To simplify comparison of this model with other epidemiology models (i.e., SIR type models), similar symbology was adopted. SpeciÞcally, S refers to susceptible hosts (i.e., healthy) and pathogen-free vectors. Similarly, I refers to infected hosts and inoculative vectors (Table 2) . The subscript H designates hosts and the subscript V designates vectors. The equations were: Susceptible and infected hosts (S H and I H ) were measured as proportions. Thus, host density was constant and the sum of susceptible and infected hosts was one (i.e., S H ϩ I H ϭ 1). Susceptible hosts (S H ) increased and infected hosts (I H ) decreased as the rate at which infected hosts were replaced by susceptible hosts (B) increased. Susceptible hosts (S H ) decreased and infected hosts (I H ) increased as susceptible hosts became infected, which occurred as a function of the proportion of hosts that were susceptible (S H ), the density of inoculative vectors (I V ), and the inoculation rate (a). Because susceptible and infected hosts were measured as proportions, the product of the inoculation term (i.e., aS H I V ) cannot exceed one.
The density of pathogen-free (S V ) and inoculative (I V ) vectors was measured as the number per host and sums to, T, the density of all vectors (S V ϩ I V ϭ T). The density of pathogen-free vectors (S V ) increased because of births, which were a function of total vector density (T), birth rate (b), and carrying capacity (K). Offspring of pathogen-free and inoculative vectors were assumed to be pathogen-free. Thus, there was no vertical transmission. The density of pathogen-free vectors decreased because of death of pathogen-free vectors, which occurred at a rate of d. Density of pathogen-free vectors decreased and density of inoculative vectors increased as vectors acquired the pathogen, which occurred as a function of the proportion of hosts infected (I H ), density of pathogenfree vectors (S V ), and pathogen acquisition rate (). Density of inoculative vectors decreased because of the death of inoculative vectors, which occurred at the same rate as death of pathogen-free vectors. Finally, persistent transmission was assumed.
In this model, the inoculation rate (a) and the acquisition rate () could be replaced by a function to more realistically model acquisition and inoculation. For example, Jeger et al. (1998) and Madden et al. (2000) replace these simple terms with a function that takes into account the number of hosts visited per vector per time step, the time spent feeding per host visited, and the time required for inoculation or acquisition to take place. The terms could be further modiÞed by making assumptions about vector aggregation on infected versus healthy hosts (Zhang et al. 2000) . For simplicity and mathematical tractability, these terms were not replaced. Thus, it should be recognized that the parameters for inoculation rate (a) and acquisition rate () are purposefully simpliÞed and should be interpreted as such.
Equal Birth Rates and Unequal Death Rates. Modifying the default model to allow death rates of pathogen-free and inoculative vectors to differ required no modiÞcation of the host equations (i.e., equations for S H and I H ) and only minor modiÞcation of the vector equations (i.e., equations for S V and I V ). Different death rates of pathogen-free and inoculative vectors were indicated by subscripts, where d S represented death rate of pathogen-free vectors and d I represented death rate of inoculative vectors. The modiÞed equations were:
Unequal Birth Rates and Equal Death Rates. As with the previous modiÞcation, incorporating different birth rates of inoculative and pathogen-free vectors into the default model did not require modifying the host equations (i.e., equations for S H and I H ) and required minor modiÞcation of the vector equations (i.e., equations for S V and I V ). Different birth rates of pathogen-free and inoculative vectors were indicated by subscripts, where b S represented birth rate of pathogen-free vectors and b I represented birth rate of inoculative vectors. As in the previous models, offspring of inoculative vectors were assumed to be pathogen free. The equations for this model were:
Equilibrium Values and Numerical Simulations.
The dynamics of each model was explored with emphasis placed on determining the sensitivity of the , a, , B, b, and d) . In most cases, equilibrium values solely in terms of input parameters could be obtained; however, the resulting equations were often too complicated to give insight into the mechanics of the models. Thus, equilibrium values that included terms for Î V or T were presented (ˆis used to indicate that they are equilibrium values). Appendix A provides step by step instructions for calculating the equilibrium values for the default model.
The equilibrium values were used to determine the "epidemic threshold" of each model. The epidemic threshold is deÞned as the combination of parameters that must have a value Ͼ1 for the equilibrium density of inoculative vectors to be positive. Because inoculative vectors must be present for an epidemic to occur, this value deÞnes the threshold conditions for an epidemic. The epidemic threshold is conceptually similar to that of R 0, the basic reproductive number, because both must have a value Ͼ1 for an epidemic to occur, and in many cases, the methodology used to calculate the epidemic threshold have been used to calculate R 0 (Jeger et al. 1998 ). However, as indicated by van den Bosch et al. (2008) , R 0 has a precise deÞnition (the total number of infections arising from one newly infected individual introduced into a susceptible population) and, although values for the epidemic threshold do deÞne a threshold conditions for an epidemic, values for the epidemic threshold do not always meet the precise deÞnition of R 0 . Thus, to be conservative, this measure is not referred to as R 0. The epidemic threshold was constructed from the difference statement in the numerator of the equilibrium density of inoculative vectors similar to the methods used by Jeger et al. (1998) and Madden et al. (2007) . Appendix B provides step by step instructions of how to determine the epidemic threshold for the default model.
Finally, numerical simulations were completed to further explore the sensitivity of the model to variation in vector birth and death rates. Numerical simulations were completed in a factorial design, exploring the effects of birth and death rate on total vector density, the proportion of vectors that were inoculative, and the proportion of hosts infected for each combination of two levels of carrying capacity (K ϭ 1 and K ϭ 10) and acquisition/inoculation rate (a ϭ ϭ 0.10 and a ϭ ϭ 0.20; Table 2 ). For simplicity, acquisition and inoculation rates were assumed to be correlated and thus values for both were either low (0.10) or high (0.20). The effects of the infected host removal rate (B) were also explored in sensitivity analyses. Those results are not presented as variation in this parameter did not alter the qualitative effects reported here. For numerical simulations, the model was assumed to be at equilibrium provided that values of S H , I H , S V , and I V did not change for 1,000 time steps. Finally, for simplicity, the results were reported in terms of increasing birth or death rate of inoculative vectors. However, it should be recognized that pathogens have been shown to have positive and negative effects on vector birth or death rate (Table 1) . Thus, the results can also be considered in terms of decreasing birth or death rate of inoculative vectors. Such effects would simply be the opposite of what is reported.
Results
Equal Birth and Death Rates. The epidemic threshold was separated into three terms (Table 3; 
The epidemic threshold was constructed from the difference statement in the numerator of the equilibrium density of inoculative vectors (Î V ). The epidemic threshold must be Ͼ1 for the equilibrium density of inoculative vectors to be positive. See Appendix B for steps in its calculation.
Appendix B). Thus, if values for birth rate, death rate, and carrying capacity resulted in a high equilibrium density of all vectors, other parameter values in the model were less important. The last two terms of the epidemic threshold have an intuitive interpretation. The epidemic threshold was more likely to be Ͼ1 provided that the rate at which new hosts were infected was greater than the rate at which infected hosts were removed (i.e., a/B Ͼ 1) and if the rate at which vectors acquired the pathogen was greater than the rate at which vectors died (i.e., /d Ͼ 1). In interpreting the latter term (/d), recall that persistent transmission was assumed. Consequently, inoculative vectors are removed only when they die.
Numerical simulations indicated that total vector density increased with vector birth rate and decreased with vector death rate (Fig. 1A and B) . Carrying capacity affected total vector density but did not affect the qualitative relationship of vector birth and death rate with total vector density ( Fig. 1A and B) . Acquisition and inoculation rates did not affect total vector density ( Fig. 1A and B) but did affect the proportion of vectors that were inoculative ( Fig. 1C and D) . Increasing vector mortality decreased the proportion of vectors that were inoculative because vectors that died were replaced by pathogen-free vectors (Fig. 1C  and D) . Finally, the effects of vector birth and death rate on the proportion of hosts infected were greater with low (K ϭ 1) compared with high (K ϭ 10) carrying capacity and with low (a ϭ ϭ 0.10) versus high (a ϭ ϭ 0.20) inoculation and acquisition rate ( Fig. 1E and F) .
Equal Birth Rates and Unequal Death Rates. As in the previous model, the epidemic threshold was separated into three terms (Table 3 ). The Þrst term [(K Ϫ T )bT /d S K] has its greatest value when the equilibrium density of all vectors (T ) is equal to one half of the carrying capacity and had a value Ͼ1 for most values of total vector density that fall between zero and the carrying capacity. The last two terms of the epidemic threshold are similar to those in the previous model. The epidemic threshold was more likely to be Ͼ1 if the rate at which susceptible hosts were infected was greater than the rate at which infected hosts were removed (i.e., a/B Ͼ 1) and the rate at which vectors acquired the pathogen was greater than the rate at which inoculative vectors died (i.e., /d I Ͼ 1).
With Þxed death rate of pathogen-free vectors, increasing the death rate of inoculative vectors decreased total vector density ( Fig. 2A and B) . The extent of this effect was mediated by acquisition and inoculation rate. SpeciÞcally, increasing the death rate of inoculative vectors had a greater effect on total vector density with high acquisition and inoculation rate (a ϭ ϭ 0.20) than with low acquisition and inoculation rate (a ϭ ϭ 0.10; Fig. 2A and B) . This occurred because the proportion of the vector population that was inoculative increased with acquisition and inoculation rate ( Fig. 2C and D) , thereby increasing the proportion of the vector population that was affected by the increase in death rate. Increasing the death rate of inoculative vectors also decreased the proportion of vectors that were inoculative ( Fig. 2C  and D) because the life span of inoculative vectors was decreased. Because increasing the death rate of inoculative vectors decreased total vector density and the proportion of vectors that were inoculative, this also reduced the proportion of hosts infected ( Fig. 2E and F) .
Unequal Birth Rates and Equal Death Rates. As with the previous models, the epidemic threshold was separated into three terms (Table 3 ). The Þrst term [KT /(K Ϫ T )] increased with increasing total vector density. Thus, values of the second two terms were less important when total vector density was high. The second term of the epidemic threshold was more likely to be Ͼ1 if the rate at which susceptible hosts were infected was greater than the rate at which infected hosts were removed (i.e., a/B Ͼ 1). The Þnal term of the epidemic threshold was more likely to be Ͼ1 if the rate at which pathogen-free insects acquired the pathogen was greater than the rate at which pathogenfree vectors were born (i.e., /b S Ͼ 1).
With high birth rate of pathogen-free vectors (b S ϭ 0.6), variation in birth rate of inoculative vectors had little effect on total vector density, the proportion of vectors that were inoculative, and the proportion of hosts infected (Fig. 3) . This occurred because, with high birth rate of pathogen-free vectors, total vector density was near the carrying capacity regardless of the birth rate of inoculative vectors (Fig. 3A and B) . Thus, increasing the birth rate of inoculative vectors had little effect on total vector density. In contrast, with low birth rate of pathogen-free vectors (b S ϭ 0.11), total vector density was not near the carrying capacity ( Fig. 3A and B) . Thus, with low birth rate of pathogen-free vectors, increasing the birth rate of inoculative vectors increased total vector density, which in turn increased the proportion of vectors that were inoculative and the proportion of hosts infected (Fig. 3) .
Discussion
Epidemiological models typically assume that vector birth and death rates are equal. However, birth and death rates of vectors may differ because of direct or indirect effects of the pathogen (Table 1) . With Þxed death rate of pathogen-free vectors, variation in the death rate of inoculative vectors affected the equilibrium density of all vectors, the proportion of vectors that were inoculative, and the proportion of hosts infected (Fig. 2) . The extent of this effect was mediated by acquisition and inoculation rate (Fig. 2) . With Þxed birth rate of pathogen-free vectors, variation in the birth rate of inoculative vectors altered total vector density, the proportion of vectors that were inoculative, and the proportion of hosts infected (Fig. 3) . Fig. 2 . Equilibrium values for a model with unequal death rates of pathogen-free and inoculative vectors but equal birth rates. Total vector density (T ) with K ϭ 1 (A) and K ϭ 10 (B). The proportion of vectors that were inoculative (Î V /T ) with K ϭ 1 (C) and K ϭ 10 (D). The proportion of hosts infected (Î H ) with K ϭ 1 (E) and K ϭ 10 (F). The host removal rate (B) was set to 0.03 and the vector birth rate (b) was set to 0.20.
However, these latter effects occurred only when the birth rate of pathogen-free vectors was low and the birth rate of inoculative vectors exceeded that of pathogen-free vectors (Fig. 3) . Thus, assumptions about vector survival and fecundity based on infectivity status had important effects on pathogen transmission.
The models presented here were relatively simple and their simplifying assumptions should be highlighted. First, the pathogen was assumed to be persistently transmitted. Assumptions about pathogen transmission mechanisms have important effects on pathogen spread (Madden et al. 2000) . Thus, it would be inappropriate to extend the results to nonpersistently transmitted pathogens. Second, effects of the pathogen on birth and death rates of the vector were assumed to be independent of all other parameters in the model. However, as indicated by Ferguson et al. (2003) , the probability of acquisition of a pathogen is likely to be correlated with replication within the host. Greater replication within a host is often presumed to be associated with higher virulence toward the host and vector. If true, such effects would lead to correlations between acquisition rate (), death rate of inoculative vectors (d I ), and the removal rate of infected hosts (B), which were not considered here. Similarly, the effects of varying the birth and death rates of pathogen-free and inoculative vectors were examined separately. However, pathogens that increase survival may also increase fecundity and vice versa; such correlations between survival and fecundity based on inoculative status would alter the effects described here. Finally, spatial heterogeneity was not considered. In a metapopulation context, vector population size is dependent not only on vector birth and death rates but also on the balance between immigration and emigration from a patch (Sisterson et al. 2007) . If vectors have different movement rates based on infectivity status, such effects could also modify the results described here.
With equal birth and death rates of pathogen-free and inoculative vectors, small changes in death rate had little inßuence on total vector density provided that birth rates were much greater than death rates ( Fig. 1A and B) . Nonetheless, increasing the death rate reduced the proportion of vectors that were inoculative ( Fig. 1C and D) because inoculative vectors that died were replaced by pathogen-free vectors. Jeger et al. (1998) reported a similar effect and refers to the death rate as the vector turnover rate. With unequal death rates of pathogen-free and inoculative vectors, acquisition and inoculation rate played an important role. SpeciÞcally, with Þxed death rate of pathogen-free vectors, the effects of increasing the death rate of inoculative vectors on total vector density increased with acquisition and inoculation rate ( Fig. 2A and B) because increasing the acquisition rate increased the proportion of the vector population that was inoculative (Fig. 2C and D) . Thus, increases or decreases in vector mortality based on infectivity status will have a greater effect on vector population dynamics in systems where inoculative vectors are common than in systems where they are rare.
With equal birth and death rates of pathogen-free and inoculative vectors, the exact value of the birth rate had little effect on total vector density provided that the birth rate was much larger than the death rate ( Fig. 1A and B) . Consequently, with Þxed birth rate of pathogen-free vectors, increasing or decreasing the birth rate of inoculative vectors had little effect on vector density or the proportion of hosts infected provided that the birth rate of pathogenfree vectors was high (Fig. 3) . A similar effect was reported by Holt and Colvin (2001) . They found that the fecundity of vectors produced on pathogenfree hosts was of much greater importance in determining overall disease dynamics than the fecundity of vectors produced on infected hosts. They concluded that a high rate of vector population increase before infection is more effective at spreading a pathogen than one that is dependent on infection. In general, our results agree. However, we did Þnd that disease incidence was higher when the birth rate of pathogen-free vectors was low and the birth rate of inoculative vectors was very high (Fig.  3E and F) . Such effects could be particularly important when new host patches are colonized by a small group of founders and vector density is well below the carrying capacity.
For pathogens of medical and veterinary importance, the evolution of virulence to the animal host has received considerable attention (Myers and Rothman, 1995 , Day 2001 , Ebert and Bull 2003 , Ferguson et al. 2003 . This has naturally led to examining the evolution of virulence to insect vectors. A primary assumption of research in this area is that evolution should favor effects on vector Þtness which increase transmission (Hurd 2003) . Consequently, a commonly held generalization is that evolution should favor pathogens with low virulence toward their insect vectors as the pathogen is dependent on the vector for transmission (Elliot et al. 2003) . The results presented here support this contention. Increasing mortality of inoculative vectors (i.e., increasing virulence toward the vector) decreased disease incidence ( Fig. 2E and F) . Thus, if heritable variation in the effects of a pathogen on vector survival is present, strains of the pathogen that are less lethal to vectors should be favored as this will increase transmission. Similarly, pathogens that increase vector fecundity can increase disease incidence under certain conditions ( Fig. 3E and F) and should also be favored.
In conclusion, assumptions about vector birth and death rates based on infectivity status had important effects on disease incidence. These effects were manifested not only through changes in vector population size but also by changes in the proportion of the vector population that was inoculative. Thus, a thorough understanding of the effects of pathogens on their insect vectors will aid in understanding their transmission.
Appendix A
Here the steps for calculating equilibrium values for the default model are reviewed. Recall that differential equations measures rates of change. Thus, when the system of equations is at equilibrium, rates of change in the proportion of susceptible hosts (S H ), proportion of infected hosts (I H ), density of pathogenfree vectors (S V ), and density of inoculative vectors (I V ) are all equal to zero. Thus, the Þrst step in obtaining equilibrium values for S H , I H , S V , and I V is to set all equations to zero:
In equations a1Ða4,ˆwas added to symbols representing hosts and vectors (i. Equation a11 is the equilibrium value of susceptible hosts (Ŝ H ) presented in Table 3 . Next, the equilibrium value of pathogen-free vectors (Ŝ V ) is determined by substituting equation a9 for Î H in equation a4:
Solving for Ŝ V gives:
Equation a13 is the equilibrium density of pathogenfree vectors (Ŝ V ) presented in Table 3 . Finally, the equilibrium density of inoculative vectors (Î V ) is calculated by substituting equations a13 and a9 for Ŝ V and Î H , respectively, in equation a3, giving:
The equilibrium density of all vectors (T ) in equation a14 can also be substituted by recalling that it is the sum of the density of pathogen-free (Ŝ V ) and inoculative vectors (Î V ). Thus,
Substituting equation a13 for Ŝ V in equation a15 gives:
Substituting equation a16 for T in equation a14 gives:
Solving equation a16 for Î V and simplifying gives:
Equation a18 is the equilibrium density of inoculative vectors (Î V ) presented in Table 3 .
